.This study reports on Co/Co 2 MnSn two-phase magnets. The Co/Co 2 MnSn two-phase magnet has Co precipitates in a Co 2 MnSn Heusler alloy matrix, in which the two phases are exchange-coupled at the phase boundary. The as-casted Co/Co 2 MnSn system, which has Co-Mn solid solution precipitates in a Co 2 MnSn Heusler alloy matrix, showed that the Co solid solution precipitates are crystallographically coherent and there is exchange coupling at the phase boundary. To form pure Co precipitates by removal of Mn solute atoms in CoMn solid solution, annealing was carried out 48 hours at 870 o C. After annealing, the low T c and low magnetization phase of the Co-Mn solid solution became a high T c and high magnetization phase of hexagonal Co.
Introduction
Two-phase magnets are a new class of phase-separated magnetic materials. In two-phase magnets, when the two phases are in intimate contact, exchange coupling becomes possible at the phase boundary. The two metallic-phase magnets consist of two metallic magnetic phases with a negative or positive exchange at the phase boundary. As an example, macroscopic ferrimagnet Co-TbN with a paramagnetic phase TbN in a ferromagnetic Co matrix was proposed for making magnetoresistive materials consisting of two suitably dispersed and mutual exchangecoupled phases [1] . A Co/Co 2 TiSn system, with ferromagnetic Co 2 TiSn Heusler alloy precipitates in a ferromagnetic Co matrix exhibited giant magnetoresistance (GMR), which is evidence of antiparallel exchange coupling at the phase boundary. A model of the wall formation at the phase boundary explains the GMR effect of the Co/ Co 2 TiSn two-phase magnet system [2] . In nano-structured dual magnets, the less the particle size decreases, the more the phase interface area to volume increases. Therefore, the interface effects at the phase boundary come become the main factors in determining the physical properties of two-phase materials. Nano-structured twophase magnets are made through the combination of several magnetic materials, such as hard and soft ferromagnets, ferromagnets and paramagnets, and ferromagnets and antiferromagnets. Using the magnetic exchange coupling between two phases, well-designed two-phase magnets can provide opportunities to create new magnetic materials with highly efficient hard or soft magnetic properties, and novel properties that arise at the nanoscale.
Co/Co 2 MnSn systems were studied in an effort to form two-phase magnets that exchange couple two metallic ferromagnetic phases at the phase boundary. We found that the two metallic phases consist of a low T c , low magnetization phase (hexagonal Co solid solution) and a high T c , high magnetization phase (Co 2 MnSn). The Co solid solution precipitates in the Co 2 MnSn Heusler alloy matrix. In this system, the Co solid solution precipitates are crystallographically coherent with the matrix. Annealing experiments showed that there was ferromagnetic exchange coupling at the phase boundary.
Experiments
Ingots were prepared by arc melting in a commercial arc furnace with a water-cooled hearth and tungsten electrode. The chamber was evacuated by a mechanical pump and backfilled with argon several times. Highpurity argon gas (99.999%) flowed through the chamber continuously during arc melting. An analysis of the microstructures was made with backscattered electron and secondary electron images on a SEM and compositional analysis of the phases was carried out using energy dispersive x-ray (EDX) analysis. To analyze the sample compositions, a single-phase sample with the composition of Co 2 MnSn served as a standard sample. The compositions of the samples were determined by comparing the EDX spectra of the samples with that of the Co 2 MnSn standard sample. X-ray diffraction analysis characterized the samples with two phases. In the annealing experiments of as-cast bulk samples, the samples were annealed for 48 hours at 870 o C in a N 2 atmosphere to prevent decomposition of the intermetallic compound by oxidation.
Results and Discussion
The phase equilibria in the Co/Co 2 MnSn system were studied with composition along the pseudobinary join Co- [3] . All peaks from hexagonal Co shifted in this sample, which indicated the possibility that the Co precipitate was a solid solution of Co-Mn. The Co-Mn phase diagram shows 6% solid solubility of Mn in Co. The peaks from Co 2 MnSn with typical Heusler alloy structure were not shifted. New lattice parameters were calculated using the shifted diffraction angles of the (100) and (002) peaks of hexagonal Co in the two phases. The c axis increased 2.2% to 4.17 Å and the a axis decreased 2.3% to 2.45 Å. Based on these two lattice parameters, the diffraction angles of other hexagonal Co peaks were calculated. These calculated angles were compatible with the observed hexagonal Co peaks in the two-phase magnet ( Table 1 ). The (100) peak of hexagonal Co shifted to a higher diffraction angle and overlapped with the (200) peak of the Co 2 MnSn Heusler alloy. The (002) peak of Co shifted to a smaller diffraction angle. The overlap of hexagonal Co and Co 2 MnSn peaks and the shift of the hexagonal Co peak suggest that the Co phase and Co 2 MnSn Heusler alloy phase are crystallographically coherent. The SEM image shows that the Co solid solution (dark image) (Fig. 2) . The ascasted single-phase Co 2 MnSn Heusler alloy sample demonstrated a closed hysteresis loop without coercivity or remanence. In Fig. 3 , there is extra coercivity at T > 150 Heusler alloys are defined as ternary intermetallic compounds, at the stoichiometric composition X 2 YZ, which have the L2 1 structure [3] . In the Heusler L2 1 structure, the constituent atoms, which may carry a magnetic moment, can occupy simple cubic and body-centered and facecentered cubic sublattices. The majority of Heusler alloys order ferromagnetically. If the Y site is occupied by Mn, it is in the alloy X 2 MnZ. Typical Z site elements are In, Sn, Sb, Al, Ge, or Ga. Common X site elements are Cu, Co, Ni, Pd, Pt, or Rh [4] . The magnetic properties of these alloys arise from the magnetic moments on transition-metal atoms, located on either the X or Y sites. Most commonly, the moments on the X sites are associated with Co atoms while the moments on the Y sites are associated with Mn atoms. In the series Co 2 MnZ, the magnetic moment from the Mn sites is 4µ B and a substantial moment is associated with the Co sites. This results in an increase in the exchange interactions and correspondingly higher Curie temperature [5, 6] . When the Heusler alloy has a highly ordered structure, superlattice peaks have some high intensities. If Mn and Sn atoms are disordered in the Heusler alloy structure, the xray diffraction peaks from (111) and (311) planes disappear. On the other hand, if Co, Mn and Sn atoms are disordered, the peaks from (200), (222) and (420) peaks disappear. The structural factors can be changed by the formation of vacancies at the Co and Mn sites in the Co 2 MnSn Heusler alloy structure, which causes the decreases the intensity of the primary peaks and increases the superlattice peaks. Table 2 shows the calculated and observed relative intensities of the Co 2 MnSn Heusler alloy matrix obtained from the Co 5 MnSn sample. The observed relative intensities of superlattice peaks were much higher than the calculated relative intensities. The Co 2 MnSn Heusler alloy matrix has a highly ordered structure and there are many vacancies in the Co and Mn sites. Fig. 4 shows the saturation magnetization vs. volume fraction of Co to Co 2 MnSn before and after annealing. Before annealing, the magnetization of the samples with two phases was smaller than the calculated magnetization, based on the volume fraction of Co to Co 2 MnSn. If the Mn atoms, which are antiferromagnetically exchange coupled to Co atoms, were dissolved in the Co precipitates, this could explain the deviation of the experimental magnetization from the calculated magnetization before annealing. After annealing, as the Mn atoms were removed from Co precipitates, the experimental magnetizations became close to the calculated magnetizations. Fig. 5 shows the magnetization vs. temperature curves of Co 5 MnSn with two phases before and after annealing. As-casted samples showed two magnetic phases; from the breakpoint, one has low T c and low magnetization and the other high T c and high magnetization. The high T c magnetic phase was the Co 2 MnSn Heusler alloy phase and the low Tc magnetic phase was Co-Mn solid solution precipitates. The breakpoint separating the high and low T c phases vanished by annealing. This means that the Co precipitate phase changes from the low T c and low magnetization Co-Mn solid solution phase to the high T c and high magnetization phase pure Co phase, with Mn atoms removed from precipitates by annealing. 
